Abstract: A vapor chamber can meet the cooling requirements of high heat flux electronic equipment. In this paper, based on a proposed vapor chamber with a side window, a vapor chamber experimental system was designed to visually study its evaporation and condensation heat transfer performance. Using infrared thermal imaging technology, the temperature distribution and the vapor-liquid two-phase interface evolution inside the cavity were experimentally observed. Furthermore, the evaporation and condensation heat transfer coefficients were obtained according to the measured temperature of the liquid near the evaporator surface and the vapor near the condenser surface. The effects of heat load and filling rate on the thermal resistance and the evaporation and condensation heat transfer coefficients are analyzed and discussed. The results indicate that the liquid filling rate that maximized the evaporation heat transfer coefficient was different from the liquid filling rate that maximized the condensation heat transfer coefficient. The vapor chamber showed good heat transfer performance with a liquid filling rate of 33%. According to the infrared thermal images, it was observed that the evaporation/boiling heat transfer could be strengthened by the interference of easily broken bubbles and boiling liquid. When the heat input increased, the uniformity of temperature distribution was improved due to the intensified heat transfer on the evaporator surface.
Introduction
Vapor-liquid phase change has always been of great interest in a wide range of technical applications, such as electronic cooling [1, 2] , chemical processes [3, 4] , space thermal control [5, 6] , microfluidic preparation [7, 8] , biomedical engineering [9, 10] , etc. As a typical technical application, a vapor chamber is recognized as one of the most effective ways to achieve uniform heat dissipation in a confined space due to its good temperature uniformity, flexible system compatibility, and high thermal transport capacity [11, 12] . Therefore, this advanced technology has been successfully applied in waste heat recovery [13] , solar thermal utilization [14] , thermal management of data centers [15] , electronic component cooling [16] , etc. Especially with the continuous development of micro-electro-mechanical systems technology [17, 18] , electronic components have shown a trend of miniaturization, modularization, and high power, which requires higher heat dissipation capabilities for cooling devices [19] [20] [21] .
At present, considerable research has been carried out to develop vapor chambers with high heat transfer capacities and small volumes. For example, Liu et al. [22] proposed a high thermal performance vapor chamber with a leaf-vein-like wick structure and a thermal resistance of about 0.06 • C/W. Liu et al. [23] found that the boiling and condensation of a vapor chamber can be enhanced by inserting copper foam into the cavity. Tang et al. [24] designed a vapor chamber with multi-arteries where a heat flux of 300 W/cm 2 can be achieved without reaching capillary or boiling limits, showing good heat transfer performance. In addition, it was also found that the introduction of hybrid evaporator wicks can effectively improve the heat transfer performance of vapor chambers [25, 26] . Wong et al. [27] designed a new type of vapor chamber with a corrugated channel condenser surface. Their research indicated that the corrugation channels not only enlarged the condenser area, but also provided a shortcut for the backflow path. As a result, the vapor chamber exhibited satisfactory heat transfer performance. Peng et al. [28, 29] conducted a heat transfer performance test on a vapor chamber with a leaf-vein-like fractal wick structure. The results demonstrated better temperature uniformity and smaller thermal resistance compared with traditional vapor chambers. Furthermore, Yao et al. [30] reported that the thermal performance of a vapor chamber under reversed gravity can be efficiently improved when a mesh wick and tree-like grooves are configured to the vapor chamber.
A prerequisite for the development of a high-performance vapor chamber is understanding the behaviors of vapor-liquid two-phase flow and boiling, evaporation, and condensation processes [31] [32] [33] [34] [35] [36] . Hsieh et al. [37] investigated the effects of heat input and working temperature on the heat transfer coefficients and the thermal resistance of a vapor chamber. The results showed that the condensation and evaporation heat transfer coefficients increased with an increase in the heat load. Zhang et al. [38, 39] analyzed the impact of the liquid filling rate, liquid level, and heat flux density on the vapor-liquid two-phase flow inside the chamber through visualization experiments, confirming the coupled condensation and evaporation/boiling phase change in a sealed space. Wu et al.
[40] designed a vapor chamber with a transparent sidewall, and experimentally observed the phase change behavior inside the chamber from the startup state to the quasi-steady state. The research has established an intrinsic link between the working fluid state and wall temperature variation.
There have been several attempts to investigate gas-liquid phase change in a vapor chamber. It should be noted that these investigations mainly evaluate the axial heat transfer performance by the axial total heat transfer resistance, and analyze evaporation/boiling and condensation via the change of thermal resistance. In fact, the evaporation and condensation phase change in an evaporator and a condenser determine the thermal efficiency of a vapor chamber. As is known, the evaporation and condensation phase changes interact due to the confined effect of the microstructure within the vapor chamber, which can be better characterized by the boiling/condensation heat transfer coefficients than the total thermal resistance. Therefore, to a gain better understanding of the interaction between evaporation and condensation, it will be necessary to visually exhibit the fluid temperature distribution in the chamber and to evaluate heat transfer performance and boiling/condensation heat transfer coefficients inside the cavity. The thermal performance is affected by several factors, such as heat load and liquid filling rate. Until now, it remains unclear how heat load and liquid filling rate affect the temperature distribution of two-phase fluids inside a vapor chamber. In addition, to provide further insights into thermal performance, a systematic study of evaporation and condensation heat transfer inside the vapor chamber is still required.
A vapor chamber was designed with infrared (IR)-transmission glass configured on one of its walls to observe the temperature of the experimental area. Furthermore, two thermal couples were arranged in the cavity to measure the temperature of the liquid working medium near the evaporator surface, as well as the vapor temperature near the condenser surface. In this way, the interaction between the evaporation/boiling and condensation systems within a closed space was studied according to the observed vapor-liquid two-phase behaviors. Moreover, the impact of the heat load and liquid filling Energies 2019, 12, 11 3 of 13 rate on the heat transfer coefficient was analyzed and discussed to reveal the internal relationship between boiling and condensation. Figure 1 visualizes the experimental system of the vapor chamber. The system contains various components, including: the vapor chamber with a side window (as shown in Figure 2) ; a copper column for heat conduction; two electric heating rods for heating; a power supply; a power meter; a voltage regulator for adjusting working conditions; a constant-temperature water bath for providing cooling water; a flow meter; a charge-coupled device (CCD) camera for monitoring the flow behavior of a gas-liquid two-phase medium; a light; a data acquisition instrument for testing temperatures; and a computer. The copper block is 20 mm in diameter and 105 mm in length. The heating rod is 6 mm in diameter and 50 mm in length. The heating rods are embedded into the copper block, which is in contact with the evaporator. During the experiment, the cooling water temperature was 25 • C, the same as room temperature, and the flow rate was 80 mL/min.
Experiment Methodology

Experimental System
The distribution of the thermocouples in the vapor chamber are shown in Figure 3 . As shown in Figure 3a , five measuring points were set from the center to the edge of the plate on both the evaporator plate and condenser plate, respectively. The positions of the thermocouples inside the cavity are shown in Figure 3b . The distance between the thermocouple temperature measuring point and the adjacent panel is 3.5 mm.
In order to reduce heat loss from the system to the surroundings, aluminum silicate fiber insulation cotton was wrapped around the copper block and the vapor chamber, leaving the circular IR-transmission glass exposed to the surroundings. Since the thermal conductivity of glass is quite low, the heat dissipation effect of the glass tube wall can be ignored. Heat loss was checked before the experiment. Based on the Fourier law, the heat input can be obtained according to the temperature distribution of the copper block. In addition, based on the energy conservation law, the heat input can also be regarded as the heat taken away by the cooling water. When the heat input calculated using the Fourier law is 88.09 W, the heat removed by water is 86.78 W. The error between them is 1.49%. This is because heating loss to the environment is inevitable even when thermal insulation measures are adopted. However, the heat loss is acceptable as it is less than 5%. Therefore, it is reasonable to assume that the experimental system is well thermally insulation. 
Evaluation Index
According to the measured temperatures of the liquid near the evaporator section and the vapor near the condenser section, the heat transfer coefficients of boiling and condensation on the evaporator and condenser surfaces are determined as follows: 
According to the measured temperatures of the liquid near the evaporator section and the vapor near the condenser section, the heat transfer coefficients of boiling and condensation on the evaporator and condenser surfaces are determined as follows:
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where q represents the heat flux, T e represents the evaporator surface, T c is the mean temperature of condenser section, and T l and T v are the temperature of saturated liquid and vapor, respectively. The total thermal resistance is applied to quantitatively evaluate the thermal performance of the vapor chamber, and is defined as:
where R is the total thermal resistance; T i,e and T i,c are the temperature of the measuring points on the evaporator and condenser section, respectively; n is the number of measuring points; and Q is the heat input. Based on the data error analysis, the uncertainties of h 1 , h 2 , and R are 3.27%, 3.27%, and 3.17%.
Results and Discussion
Thermal Performance Analysis
As shown in Figure 4 , the wall temperature of the evaporator and the condenser rose gradually when the heat was gradually imposed on the vapor chamber. There was a small fluctuation located at around 250 s, then the temperature tended to be stable. This phenomenon indicated that liquid remained in a static state until a certain degree of superheat was reached through the process of boiling. After that, the vapor chamber quickly went into a fully-developed boiling state. In addition, as shown in Figure 4 , when the heat flux increased, the temperature of each measuring point increased and responded consistently. The temperature difference between the evaporator and the condenser also became larger with increased heat input. This can be explained by the fact that the vapor chamber was heated in the central region by a copper block that was in contact with the evaporator, which was also the main area where the liquid boiled. Thus the temperature in the center (P3) was much higher than in other areas. In addition, the vapor moved toward the center area of the condenser surface and dispersed, then the vapor condensed and released the heat. After that, the condensate flowed back to the surrounding area of the evaporator section. As a result, the temperatures at P1 and P5 ( Figure 3 ) were the lowest due to the backflow of condensate. However, the temperature distribution of the condenser was quite uniform. Once the liquid started to boil, the vapor chamber entered a stable working state in a short time, and the heat was evenly distributed on the condenser plate.
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As shown in Figure 6b , when the value of the condensation heat transfer coefficient reached its maximum, the liquid filling rate was 52%, instead of 33% when the boiling heat transfer coefficient reached its maximum. In this situation, the distance from the liquid surface to the condensation surface was most suitable for condensation heat transfer. As shown in Figure 7 , growing bubbles carrying some boiling liquid easily made contact with the condensation surface when they were in motion. The condensate film or droplets on the condenser surface were easily broken and detached through this interference. Therefore, the condensation heat transfer could be effectively promoted. In contrast, the heat transfer coefficient of the condensation was reduced when the liquid filling rate reached 75%. Since the liquid level was higher, and the condenser surface was likely to be covered with liquid for a longer period of time, the vapor condensation on the condenser section was restricted. However, when the liquid filling rate reached 33%, there was a certain independence between the liquid surface and the condensation surface due to the low liquid level. Thus, the bubbles or the boiling liquid interfered less with the condensate, making it more difficult for the condensate to detach from the condensation surface. Moreover, the weakest interaction between condensation and evaporation/boiling phase change occurred at the 8% filling rate, where the condensate mainly relied on gravity to backflow. Therefore, the heat exchange intensity was lowest when the value of the heat transfer coefficient for the condensation section reached its minimum.
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Conclusions
In this study, a vapor chamber with a side window was designed and a heat transfer performance testing system was conducted to visually study evaporation and condensation heat transfer within a vapor chamber. By measuring the temperature of the liquid near the evaporator section and the vapor near the condenser surface, the heat transfer coefficients of evaporation and condensation were obtained. Furthermore, the temperature distribution of the two-phase fluid inside the cavity was observed using infrared thermal imaging technology. The influence of the filling rate and heat input on the thermal resistance and boiling/condensation heat transfer coefficients were analyzed and discussed. The major conclusions are summarized as follows:
(1) The optimum filling rates for the evaporation phase change and condensation phase change were different: 33% for evaporation and 52% for condensation. The condensation heat transfer coefficient was nearly triple that of evaporation under the same liquid filling rate, leading to better thermal performance of the vapor chamber with a liquid filling rate of 33%. (2) The evaporation/boiling heat transfer could be improved by promoting the detachment of the condensate from the condenser surface using the interference of easily broken bubbles and boiling liquid. In addition, a rise in heat input significantly improved the temperature 
(1) The optimum filling rates for the evaporation phase change and condensation phase change were different: 33% for evaporation and 52% for condensation. The condensation heat transfer coefficient was nearly triple that of evaporation under the same liquid filling rate, leading to better thermal performance of the vapor chamber with a liquid filling rate of 33%.
(2) The evaporation/boiling heat transfer could be improved by promoting the detachment of the condensate from the condenser surface using the interference of easily broken bubbles and boiling liquid. In addition, a rise in heat input significantly improved the temperature distribution due to the intensified heat transfer on the evaporator surface. (3) A minimal thermal resistance value appeared as the liquid filling rate fluctuated between 8% and 75%, indicating that within a certain range of liquid filling rate, an optimal coupling degree between evaporation/boiling and condensation can be reached. (4) The evaporation/boiling heat transfer can be enhanced through the interference of easily broken bubbles and boiling liquid. According to the infrared thermal images, as the heat input increased, more uniform temperature distribution was observed due to intensified heat transfer on the evaporator surface.
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